This study investigated the effect of arousal on short-term relational memory and its underlying cortical network. Seventeen healthy participants performed a picture by location, short-term relational memory task using emotional pictures. Functional magnetic resonance imaging was used to measure the blood-oxygenation-level dependent signal relative to task. Subjects' own ratings of the pictures were used to obtain subjective arousal ratings. Subjective arousal was found to have a dose-dependent effect on activations in the prefrontal cortex, amygdala, hippocampus, and in higher order visual areas. Serial position analyses showed that high arousal trials produced a stronger primacy and recency effect than low arousal trials. The results indicate that short-term relational memory may be facilitated by arousal and that this may be modulated by a dose-response function in arousal-driven neuronal regions.
INTRODUCTION
Arousal is important for experiencing emotion (Russell and Barrett, 1999) , and can be defined as giving intensity or individual strength to the emotion experienced (Hamann, 2003) . High emotional arousal is suggested to facilitate encoding, consolidation, and retrieval of memory (Kensinger, 2009) , with high arousal events being better remembered than neutral events (Brown and Kulik, 1977; Hamann, 2001) . Although the effects of arousal on the neuronal system are complex, it is suggested that one effect of high arousal on memory are through activation of amygdala which then in turn modulates other neuronal regions for enhanced memory processing (LeDoux, 1995; McGaugh et al., 2002) .
However, the effect of arousal has been debated with regard to combining different components of information to relational representations in memory (e.g., where you were when you heard the news). This is mainly due to divergent findings that indicate that high arousal can both facilitate (D'Argembeau and Van Der Linden, 2004; Hadley and MacKay, 2006; Kensinger et al., 2007; Mather and Nesmith, 2008) and impede Mitchell et al., 2006; Cook et al., 2007) relational memory. Relational memory refers to the processing and retrieval of the relationship among components in memory (e.g., item and context; Prince et al., 2005; Davachi, 2006; Shimamura and Wickens, 2009 ). The neural substrates underlying relational memory are assumed to be the lateral prefrontal cortex (PFC; Blumenfeld et al., 2011) , hippocampus (Konkel et al., 2008) , and the superior parietal cortex (SPC; Wendelken et al., 2008) . Arousal could affect the processing of relational memory through a neuronal emotional system, such as the amygdala (Hadley and MacKay, 2006) . Amygdala may modulate hippocampus (McGaugh, 2002) , and to this end may facilitate the processing of relational representations suggested to be supported by hippocampus. In addition, amygdala may also affect other cortical and subcortical regions , for instance by facilitating regions processing sensory and perceptual information, such as the fusiform gyrus (Barrett et al., 2007) . High arousal could then facilitate processing of characteristics associated with an event by recruitment of higher order visual areas. In two functional magnetic resonance imaging (fMRI) studies Mitchell et al., 2006) , high arousal was associated with increased activity in the fusiform gyrus and the middle occipital gyrus during encoding of an object and its associated context in a short-term relational memory paradigm. In these studies however, relational memory were impeded by high arousal. Easterbrook (1959) differentiated between the use of central and peripheral cues during high arousal in perception and attention. He proposed that as arousal increases, the utilization of peripheral cues (i.e., irrelevant cues) decreases. With respect to relational memory, irrelevant contextual information may not be adequately processed leaving a reduced relational memory for high arousing events (Kensinger, 2009) . Recently, more specific hypotheses have been proposed to the underlying mechanisms of arousal and relational binding during encoding. Mather (2007) suggested that high arousal facilitates within-object binding at the cost of between-object binding. This could explain the enhanced effect of arousal on item-memory, but also why arousal may disrupt relational memory. Kensinger (2007 Kensinger ( , 2009 proposed that it is what is perceived as intrinsic details of an event that is facilitated by arousal, but not details perceived to be extrinsic. Thus, if the context of the high arousing object is important for the affective relevance, it is more likely to be perceived as intrinsic and then relational memory may be facilitated. Finally, MacKay and colleagues (MacKay and Ahmetzanov, 2005; Hadley and MacKay, 2006) suggested that high arousing objects elicit a binding mechanism that couples the source of the arousal (e.g., object) to the context it occurs subsequently facilitating relational memory.
Previous research and hypotheses regarding the role of arousal on relational memory has focused on the encoding phase and the relational binding of the different components. To what extent the same neuronal network reactivates during successful recognition are not known. It is suggested that central structures in relational memory such as hippocampus, activates both during formation and reactivates during recognition of established bindings of relational representations (Ranganath, 2010) . The present study sought to investigate the neuronal processes underlying recognition phase of relational memory over a short retention interval during different levels of subjective arousal. Of particular interest were whether there was a dose-dependent response with arousal in these neuronal regions. In order to measure this, a picture by location paradigm based on Mather et al. (2006) was used.
MATERIALS AND METHODS

PARTICIPANTS
Twenty-three healthy participants [age: mean (m) = 28, SD ± 7 years, 38% female] were recruited from the University of Oslo community via posters and received payment for their participation. All participants gave their informed consent according to the guidelines of the Norwegian Regional Ethics Committee. Participants were interviewed for MRI contra-indications, as well as current and previous somatic and psychiatric health. Exclusion criteria was a current or previous, serious somatic, or psychiatric illness. Participants were given a detailed description of the experiment and allowed to practice on a different stimuli-set until they were comfortable with the task outside the scanner. Data from two participants was discarded due to technical errors in registration of behavioral data. One participant's data was discarded due to a technical error during one of the fMRI sessions.
TASK
A trial started with the text "Ready," presented for 500 ms. In the encoding epoch, four pictures with different locations on the screen were presented sequentially for 900 ms each. Subjects were instructed to remember each individual picture and the location on the screen. After the encoding epoch, a fixation cross was presented for 900 ms, followed by a screen with the word "test" for 500 ms. The test consisted of one of the pictures studied during encoding presented in either an old or new location. The task was to determine whether a given picture were associated with a given location. The memory test lasted for a maximum of 3000 ms (see Figure 1 for an illustration of the trial structure). The inter-trial interval was jittered by an average of 4000 ms (range 3000-5000 ms). The screen was divided into eight different locations from which the pictures (460 × 280 pixels) could emerge. The serial position of the pictures and the location on the screen were pseudo-randomized and counterbalanced. All the pictures and positions used during encoding were used as test probes for the duration of the experiment. All stimuli were presented onto a black screen with the text in magenta. The experiment was divided into two sessions. The stimuli were presented and controlled using E-prime software (Psychology Software Tools, Inc; Pittsburgh, PA, USA) and presented in the scanner using VisualSystem (NordicNeuroLab, Bergen, Norway).
STIMULI
Picture stimuli consisted of 96 pictures from the International Affective Picture System (IAPS; Lang et al., 1999) . Pictures were selected on the basis of IAPS arousal and valence mean ratings to create three conditions of various levels of arousal (high, medium, and low arousal). The low arousal condition consisted of pictures with neutral valence ratings. The high and medium arousal condition consisted of pictures of high and medium negative valence ratings. There were 32 pictures in each condition. For each condition, the 32 pictures were randomly assigned to a picture-set containing four pictures. Thus, each condition had eight picturesets. These picture-sets were replicated four times throughout the experiment. Each picture was presented in every serial position. The presentation of stimuli was randomized. The subjects rated the stimuli on valence and arousal after the experiment using a 10 point anchored scale.
MRI DATA ACQUISITION
Participants were scanned at the Oslo University Hospital, Ullevål using a 3T GE Signa HDxt scanner (General Electric Medical Systems, Milwaukee, WI, USA) with an eight-channel head coil. Cushions were placed around the subject's head to prevent motion. First, a high-resolution anatomical image was acquired using a T1-weighted GE fast spoiled gradient echo (FSPGR) Bravo (TR = 10.9 s; TE = 4.6 ms; FA = 13.0˚; 236 axial slices 3D acquisition; 1.2 mm thick; 240 mm × 240 mm in plane resolution, 352 × 224 matrix). The functional runs were acquired with a T2 * -weighted echo-planar imaging sequence sensitive to blood-oxygenation-level dependent (BOLD) contrast (TR = 2 s; 
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PREPARATION OF BEHAVIORAL DATA
The subjects' ratings of the stimuli were normalized to a Zdistribution and compared with IAPS normative valence material (Lang et al., 1999) . If a subject's rating of a picture's valence diverged by more than two SD from IAPS norms, it was classified as a deviant rating. If a subject had more than 30% deviant ratings of the stimuli on the valence dimension the subject was classified as an outlier, as information from these subjects was evaluated to be less reliable (e.g., this could be pictures that were highly negative and the subjects rated them as positive). Three subjects were categorized as outliers and removed from further analysis. The stimuli were divided into three conditions with an equal amount of trials based on the subject's own arousal ratings (33 percentile). The conditions were: (1) 
ANALYSIS OF fMRI DATA
Spatial and temporal pre-processing was conducted using SPM5 (http://www.fil.ion.ucl.ac.uk/spm/). All functional runs were investigated for artifacts and extreme variance, and functional images were slice-time corrected and realigned to the first image in the series. No subject moved more than 3 mm in any direction. The anatomical image were spatially normalized to the Montreal Neurological Institute (MNI) template (Evans et al., 1993 ). The functional images were then normalized to the parameters established for the anatomical image. The functional images were re-sampled to 3 mm isotropic voxels and smoothed using an 8 mm full width half maximum kernel.
Blood-oxygenation-level dependent responses were specified as stick functions convolved with a synthetic hemodynamic response function. For each session the model included regressors for trials with high, medium, and low arousal. For each level of arousal both the start of encoding and the retrieval epoch were specified, while analysis was carried out for the retrieval epoch correct trials only. In addition, the model included regressors for erroneous trials and the six movement regressors obtained from the realignment. Second level random effects repeated measures general linear model (GLM) was conducted on contrast images from individual data on high arousal, medium arousal, and low arousal. Analyses for the main effect and linearity were performed using voxelwise statistics [the threshold was set to p false discovery rate corrected (FDR) < 0.001 and cluster size greater than 10 contiguous voxels]. One sample t -tests were then conducted using voxelwise statistics on individual contrast images for the contrast [high arousal > low arousal] with a threshold set to p FDR = 0.05 and cluster size greater than 10 contiguous voxels. A priori regions of interest were based on functional areas previously defined at the ventrolateral prefrontal cortex (vlPFC) [−40 20 −2], the dorsolateral PFC (dlPFC) [−42 28 24] , and the posterior precuneus [−6 −70 60; 12 −74 54] (Lundstrom et al., 2005) . The fusiform gyrus and the middle occipital gyrus were defined from Mather et al. (2006) at [41 −51 −13] and [45 −70 9], respectively. To define areas in the opposite hemisphere, the sign was switched for the x coordinate. The regions were defined by spheres with a radius of 10 mm centered on the coordinates. The bilateral hippocampus and amygdala were analyzed with masks created from the SPM anatomy toolbox (Amunts et al., 2005) . Regions of interest analyses were performed using small volume correction (SVC) thresholded at p FDR < 0.05. In order to control for valence partial correlations were performed between the calculated local percent signal change in peak voxels and each subject's mean arousal per condition while controlling for mean valence.
RESULTS
BEHAVIORAL RESULTS
A GLM repeated measure revealed no significant difference in response times among conditions [high arousal: (m ± SD) 1191 ± 153 ms; medium arousal: 1190 ± 146 ms; low arousal: 1208 ± 179 ms; F (2,32) = 0.38, p = n.s.]. Furthermore, there were no significant differences for accuracy for arousal [high arousal: 83 ± 7%; medium arousal: 82 ± 10%; low arousal: 81 ± 9%;
Stimuli to be remembered presented in a sequential fashion are known to generate serial position effects, with a facilitation of memory for items present early (primacy effect) and late (recency effect) in a sequence. As this may be due to the distinctiveness of these items, we performed further analyses to investigate whether arousal (also affecting distinctiveness) could interact with the presentation of the stimuli. A three (arousal) by four (serial position) repeated measures analysis was conducted. This yielded a significant interaction effect for accuracy [F (6,96) = 2.70, p < 0.05; see Table 1 and Figure 2 for an overview]. To evaluate the serial position effect we performed a GLM repeated measure for each level of arousal and position. Accuracy yielded a significant serial position effect for high arousal [F (3,48) = 12.55, p < 0.001], medium arousal [F (3,48) = 8.08, p < 0.001], and low arousal [F (3,48) = 4.45, p < 0.01]. All levels of arousal yielded a recency effect for correct responses. The low arousal trials showed a steady increase in accuracy from the first to the last serial position. The high arousal trials showed an enhanced recency effect, but also a primacy effect. A paired sample t -test showed that difference between high and low arousal were significant for the 
fMRI RESULTS
General linear model repeated measures for correct > error across all conditions in the regions of interest were performed to rule out that the activations were not just an effect of viewing high arousal pictures (see Table 2 for an overview). Activations in amygdala and hippocampus were obtained for correct trials compared to errors independent of arousal condition. Error analyses for the different arousal conditions were not possible due to too few observations. General linear model repeated measures analysis using a whole brain search showed significant effects related to change in arousal level (see Table 3 ). Test for linearity revealed that several regions showed significant dose-dependent relationships between arousal and BOLD-response (see Table 4 and Figure 3) . Post hoc t -tests in the regions of interest (Table 5) showed that the bilateral fusiform gyrus, bilateral middle occipital gyrus, right posterior precuneus, bilateral amygdala, bilateral hippocampus, and bilateral vlPFC demonstrated a stronger activation in high arousal trials as compared to low arousal trials. No significant activations in dlPFC were obtained.
PARTIAL CORRELATIONS
There were significant correlations between local percent signal change and arousal in the bilateral amygdala (left: r = 0.30, p < 0.05; right = 0.35, p < 0.05), right hippocampus (r = 0.32, p < 0.05), left fusiform gyrus (r = 0.29, p < 0.05), right middle occipital gyrus (r = 0.31, p < 0.05), and posterior precuneus (r = 0.37, p < 0.01) after controlling for valence. To test whether the regions that did not show associations between the signal change and level of arousal could be better explained by valence, we performed the same analysis with these regions while controlling for arousal level. The results showed that there were no significant correlations between the signal change and valence when controlling for arousal.
FOLLOW-UP ANALYSES
To investigate whether there were serial positions effects that paralleled the behavioral results for high and low arousal trials in the functional data, we performed a GLM repeated measure on extracted averaged signal change from the regions of interest. None of the regions of interest showed alterations in BOLD-response that paralleled the behavioral findings.
ANALYSES OF THE ENCODING PHASE
For the analyses of the encoding phase a separate model were specified with duration of encoding as a block. A one sample ttest comparing high arousal > low arousal for the encoding phase revealed significant activations for both a whole brain search (p FDR < 0.05, cluster size > 10) and within some of our regions of interest (SVC p FDR < 0.05; see Table 6 ). The region of interest analyses displayed significant activations in bilateral fusiform gyrus, bilateral middle occipital gyrus, and bilateral amygdala.
DISCUSSION
The present study shows that level of subjective experienced emotional arousal modulates higher order visual areas, lateral PFC, amygdala, and hippocampus in a dose-response manner. Amygdala and hippocampus appeared to mediate short-term relational memory performance. Relational memory performance was facilitated, with both a primacy and a recency effect for high arousal trials. These results do indicate that high subjective arousal facilitates short-term relational memory, but depends on the order of the encoding of the stimuli.
The effect of arousal on relational memory is especially interesting due to the observed variability in performance across previous studies. The theoretical discussion has centered on to what extent associated information are adequately processed during high arousal, and to what extent this information is perceived as relevant or central for the task. In the current paradigm, where the subjects were informed that both picture and location were relevant, there was a facilitation of relational memory in high arousal trials. The present results may in addition emphasize some methodological issues. Arousal is an important aspect of experiencing emotion, and provides individual strength and intensity to the experienced emotion (Hamann, 2003) . Research using pictures and words as stimuli to manipulate arousal has to some extent used population or group based averaged ratings of arousal. Although this has several benefits, it may mask the individual experience of arousal. One could argue that using subjective ratings of arousal is beneficial to elucidate the behavioral effects and the neuronal underpinnings of arousal.
There was no main effect of arousal for the behavioral measures. One reason for this may be that the different arousal conditions were randomly presented at a relatively short inter-trial interval within the experiment. Previous research has shown that presentation of high arousal stimuli may interfere with memory for stimuli in temporal proximity (Hurlemann et al., 2005) . Thus, one cannot rule out the possibility that presenting the different arousal conditions in separate blocks could provide different results. However, in a similar paradigm as the present experiment, Mather and Nesmith (2008) found enhanced picture by location memory for high arousal trials independent of whether presentation were in blocks of arousal or randomly distributed throughout the experiment. The obtained behavioral effect of arousal on short-term relational memory in the present study depended on the order of the encoding of the stimuli. Laboratory studies of memory often use sequential presentation of the stimuli to be remembered. Memory for information presented in the beginning and at the end of sequential presentations is often facilitated, which is referred to as the primacy-and recency-effect (serial position effects; Murdock, 1962) . These effects are suggested to be due
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to the distinctiveness of the serial position in which the stimuli occurs (Neath, 1993) . For visual short-term memory in general, the primacy effect is not as reliable produced, while the recency effect may be critically dependent on the distinctiveness of the stimuli (Hay et al., 2007) . Our data fits well with these effects, where trials with low arousal demonstrate a recency effect and no primacy effect. More importantly, trials with high arousal show a primacy effect and an increased recency effect compared to low
Frontiers in Human Neuroscience www.frontiersin.org arousal trials. The obtained effects for high arousal indicate that these trials have additional distinctiveness, facilitating relational memory. The obtained serial position effects emphasize not only the importance of experimental control, but also that these effects may be to the very core of explaining how high arousal could affect memory processes. Analyses for serial position effects in our regions of interest did not show alterations in the BOLD-response that paralleled the behavioral findings which showed that memory performance depended on the order of the encoding of the stimuli. The analyses of the encoding phase showed an increased BOLDresponse for the high arousal trials compared to low arousal trials in bilateral amygdala, fusiform gyrus, and middle occipital gyrus. The finding that arousal modulates hippocampus during retrieval, does however suggest a partial retrieval explanation. The error analysis does support this as correct trials compared to erroneous trials displayed activity in hippocampus and amygdala. Due to Frontiers in Human Neuroscience www.frontiersin.org the short interval between the encoding and the retrieval phase, identifying how arousal affects encoding and retrieval are difficult and to this end represents a limitation to the current study. For instance, it is difficult to dissect whether the obtained activation of amygdala during retrieval is purely sustained activity from the encoding phase or if it supports memory processes during retrieval in conjunction with hippocampus. While arousal describes the intensity of an emotion, a second dimension, valence, to a greater extent describes the quality of the emotion (e.g., positive, neutral, or negative emotion). Although arousal and valence are highly correlated and difficult to disentangle, they may impact memory and cognition differently (Hamann, 2003; Kensinger, 2009) . So, to isolate the effect of arousal on cognitive processes, it may be important to control for valence. The present study used statistical techniques to this end, and highlighted some arousal-driven neuronal regions composed by amygdala, hippocampus, and higher order visual areas. These regions could then be important in understanding how arousal affects relational memory.
The present findings partly replicate Mather et al. (2006) and Mitchell et al. (2006) , insofar as high arousal trials are associated with activation in the fusiform gyrus and the middle occipital gyrus. The activations in the fusiform gyrus obtained in the present study can be interpreted as a modulation of attention and object processing by arousal. In keeping with the above finding, the present results also indicate a significant role for processing of contextual information, with activation of precuneus observed for high arousal trials compared to low arousal trials. The SPC is important for spatial processing, but several studies indicate it may play a more general role in processing relations between components (Lundstrom et al., 2005; Cavanna and Trimble, 2006) . Wendelken et al. (2008) suggest the dlPFC and the SPC compose a fronto-parietal network involved in short-term relational memory. In their model the dlPFC manipulates and organizes the relational information, while the SPC serves as a substrate to which the spatial relations are held and manipulated. Our results do not indicate that activity in the dlPFC is modulated by arousal, but the activation of SPC (precuneus) could indicate that high arousal trials recruits increased spatial processing.
The amygdala has traditionally been implicated in the processing of fear, and more recently has been found to be related to other facets of emotion (e.g., disgust and positive emotion) as well (Zald, 2003) . It has been proposed that amygdala might serve a more general cognitive function such as relevance detection (Davis and Whalen, 2001; Sander et al., 2003; Ousdal et al., 2008) , processing novel stimuli, and signaling importance (Weierich et al., 2010) . The experience of arousal does encapsulate relevance and importance, and might explain the relationship between the amygdala and arousal. The present results indicate that both amygdala and hippocampus shows a dose-dependent response to increasing levels of arousal. Activation of amygdala may facilitate normal memory processes in a dose-dependent manner through modulation of the hippocampus (Hamann, 2001; McGaugh, 2002; Sander et al., 2003; Kensinger, 2004; Lupien et al., 2007) . One function of hippocampus is suggested to support the binding of different components in memory such as an object and where this object was located (Ranganath, 2010) . Furthermore, the amygdala may also modulate other cortical and subcortical regions (Barrett et al., 2007; Weierich et al., 2010) ; high levels of arousal activate the amygdala, which then modulates the neural sensitivity of perceptual regions such as the fusiform gyrus (Barrett et al., 2007) . The activations of the fusiform gyrus and inferior temporal gyrus in conjunction with the middle occipital gyrus and precuneus could make perceptual details for both picture and location more available, rendering accurate relational memory decisions easier during high arousal. This is in accordance with the original source memory framework which suggested that perceptual details are important in deciding on the source of a memory trace (Johnson et al., 1993) .
In conclusion, the present study indicates that the recognition of pictures and their respective locations after short retention intervals is facilitated by arousal. This advantage appears to be due to some arousal-driven regions composed of the amygdala, hippocampus, and higher order visual processing areas. Recruitment of these regions may enhance the processing of object properties, their spatial relations, and the combination of these components.
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